The conserved kinetochore-associated NDC80 complex (comprised of Hec1/Ndc80, Nuf2, Spc24, and Spc25) has well-documented roles in mitosis including (1) connecting mitotic chromosomes to spindle microtubules to establish force-transducing kinetochore-microtubule attachments, and (2) regulating the binding strength between kinetochores and microtubules such that correct attachments are stabilized and erroneous attachments are released. Although the NDC80 complex plays a central role in forming and regulating attachments to microtubules, additional factors support these processes as well, including the spindle and kinetochore-associated (Ska) complex. Multiple lines of evidence suggest that Ska complexes strengthen attachments by increasing the ability of NDC80 complexes to bind microtubules, especially to depolymerizing microtubule plus-ends, but how this is accomplished remains unclear. Using cell-based and in vitro assays, we demonstrate that the Hec1 tail domain is dispensable for Ska complex recruitment to kinetochores and for generation of kinetochore-microtubule attachments in human cells. We further demonstrate that Hec1 tail phosphorylation regulates kinetochoremicrotubule attachment stability independently of the Ska complex. Finally, we map the location of the Ska complex in cells to a region near the coiled-coil domain of the NDC80 complex, and demonstrate that this region is required for Ska complex recruitment to the NDC80 complexmicrotubule interface. however, is required for high affinity binding of NDC80 complexes to microtubules in vitro (Wei et al., 2007; Ciferri et al., 2008; Miller et al., 2008; Lampert et al., 2013; Umbreit et al., 2012; Alushin et al., 2012; Cheerambathur et al., 2013; Zaytsev et al., 2015) , suggesting that cellular factors likely compensate for Hec1 tail domain functions to varying degrees in different organisms.
Introduction
Successful chromosome segregation during mitosis depends on the formation of stable attachments between chromosomes and spindle microtubules. These attachments are generated at kinetochores, which are macromolecular structures built on centromeric heterochromatin of mitotic chromosomes.
Once stable kinetochore-microtubule connections are formed, forces generated by plus-end microtubule dynamics are harnessed for the purpose of congressing chromosomes to the spindle equator and silencing the spindle assembly checkpoint, which prevents anaphase onset until all kinetochores are properly attached to spindle microtubules. The kinetochore-associated NDC80 complex, comprised of the proteins Hec1 (also known as Ndc80), Nuf2, Spc24, and Spc25, serves as the core linkage between kinetochores and spindle microtubules (DeLuca and Musacchio, 2012) .
A direct interaction has been mapped between the "toe" domain of Hec1, which resides in its wellordered, N-terminal calponin homology (CH) domain, and the microtubule lattice (Ciferri et al., 2008; Wilson-Kubalek et al., 2008; Alushin et al., 2010) . This interaction is required for high affinity NDC80
complex-microtubule interactions in vitro and for kinetochore-microtubule attachment formation in cells from all organisms tested to date (Ciferri et al., 2008; Lampert et al., 2013; Sundin et al., 2011; Tooley et al., 2011; Cheerambathur et al., 2017) . The Hec1 protein contains an N-terminal, unstructured "tail" domain that has also been implicated in forming kinetochore-microtubule attachments in cells, although requirement for the tail domain in this process varies among eukaryotic species. The Hec1 tail domain in S. cerevisiae and C. elegans is dispensable for formation of stable kinetochore-microtubule attachments (Kemmler et al., 2009; Demirel et al., 2012; Lampert et al., 2013; Cheerambathur et al., 2013) . In contrast, expression of Hec1 mutants lacking the N-terminal tail domain in human or PtK1 cells impairs the formation of stable attachments (Guimaraes et al., 2008; Miller et al., 2008) . The tail domain of Hec1 from all species tested,
The Ska complex has also been implicated in regulating kinetochore-microtubule attachment stability. Expression of a non-phosphorylatable Hec1 tail domain mutant in C. elegans embryos resulted in increased recruitment of the Ska complex, whereas expression of a phospho-mimetic Hec1 mutant led to the opposite effect (Cheerambathur et al., 2017) . Furthermore, increased stability of kinetochore-microtubule attachments observed in cells expressing the non-phosphorylatable mutant version of Hec1 was dependent on the presence of the Ska complex. Thus in some organisms, rather than directly regulating NDC80 complex-microtubule affinity, phosphorylation of the Hec1 tail likely controls the recruitment of Ska complexes, which in turn regulates attachment stability. Whether this mechanism functions in human cells remains to be tested.
Here we investigate how the human Ska complex is recruited to the NDC80 complex in cells and in vitro, and how Hec1 tail phosphorylation impacts Ska function. We report that the N-terminal Hec1 tail domain, while required for proper chromosome congression, is not explicitly required for either kinetochore-microtubule attachment or Ska complex recruitment to kinetochores in human cells. The tail domain is also dispensable for Ska complex-mediated enhancement of NDC80 complexmicrotubule binding in vitro. We demonstrate that phospho-regulation of kinetochore-microtubule attachments occurs in the absence of the Ska complex in human cells, providing support for a mechanism whereby Aurora kinase phosphorylation of the Hec1 tail directly modulates kinetochoremicrotubule attachment strength. Finally, using two color fluorescence localization microscopy, we map the location of the Ska complex to a region coincident with the central coiled-coil domains of the NDC80 complex and consistent with this, we find that microtubule binding of NDC80 complexes lacking the central coiled-coil domains is not enhanced by addition of Ska complexes.
Results

Phosphorylation of the Hec1 tail affects Ska complex loading to kinetochores
To determine how phosphorylation of the Hec1 tail impacts recruitment of Ska complexes to kinetochores, we expressed mutant versions of Hec1 in human cells in which the 9 mapped Aurora phosphorylation sites were mutated to either alanine (9A) to prevent phosphorylation, or to aspartic acid (9D) to mimic constitutive phosphorylation. We confirmed that expression of the exogenous constructs led to depletion of endogenous Hec1 protein from kinetochores to undetectable levels by staining cells with an antibody to phosphorylated Hec1 Serine 69 (pS69), which does not recognize 9A-or 9D-Hec1 proteins and whose levels do not vary during mitotic progression (DeLuca et al., 2018) ( Fig. 1 A and B) . Similar to the situation described for C. elegans (Cheerambathur et al., 2017) , we found that kinetochores in cells expressing 9A-Hec1-GFP were enriched for the Ska complex, while kinetochores in cells expressing 9D-Hec1-GFP exhibited lower levels compared to Interestingly, when we carried out a similar experiment in an asynchronous population, where nocodazole was added to cells in various stages of mitosis, we found that kinetochores in cells expressing 9A-Hec1-GFP exhibited higher levels of Ska3 compared to those in cells expressing WT-Hec1-GFP ( Fig. S2 A and B) . We speculate that a population of kinetochores in asynchronous cells expressing 9A-Hec1-GFP had previously established kinetochore-microtubule attachments and loaded high levels of the Ska complex to kinetochores prior to exposure to nocodazole. These results suggest that once Ska complexes are loaded onto kinetochores by microtubule attachment, a subpopulation of the complex remains bound even after microtubule depolymerization.
Hec1 tail phosphorylation contributes to kinetochore-microtubule attachment stability independently of the Ska complex
To investigate the functional dependencies between Hec1 tail dephosphorylation, Ska complex loading, and kinetochore-microtubule attachment stability in human cells, we tested if stable attachments formed in human cells expressing 9A-Hec1-GFP were dependent on the Ska complex.
Cells were depleted of Ska1 and Ska3, transfected with WT-or 9A-Hec1-GFP constructs, subjected to cold-treatment, fixed and stained with tubulin antibodies, and scored for the presence of end-on kinetochore-microtubule attachments. As expected, cells depleted of Ska1 and Ska3 exhibited defects in chromosome alignment and end-on kinetochore-microtubule attachment formation ( Fig. S2 C and D). Similarly, in cells depleted of Ska1/Ska3 and expressing WT-Hec1-GFP, we observed defects in chromosome alignment and formation of end-on kinetochore-microtubule attachments (Fig. 2 E and F) . However, in Ska1/Ska3-depleted cells expressing 9A-Hec1-GFP, we observed robust formation of end-on attachments similar to what we observed in non-Ska1/3 depleted cells (Fig. 2 E and F) , suggesting that Hec1 tail phosphorylation and Ska complex recruitment contribute to regulation of kinetochore-microtubule attachments independently of each other. We reasoned that if this were the case, then the destabilizing effects of expressing a phospho-mimetic Hec1 tail mutant in Ska 1/3-depleted cells should be more severe than the effects of expressing a phospho-mimetic Hec1 tail mutant in non-Ska1/3-depleted cells. We found that cells expressing 9D-Hec1-GFP exhibited defects in forming stable, end-on kinetochore-microtubule attachments (average of ~34% of kinetochores attached per cell), which is consistent with previous studies (Fig. 2 G and H) . In cells depleted of Ska1 and Ska3, expression of 9D-Hec1-GFP indeed resulted in a more severe kinetochore-microtubule attachment defect (average of ~14% of kinetochores attached per cell) (Fig. 2 G and H) , providing further evidence that in human cells, phosphorylation of the Hec1 tail contributes to kinetochore-microtubule attachment stability independently of the Ska complex.
The Hec1 tail domain is not required for Ska complex-mediated enhancement of NDC80 complexmicrotubule binding Independent of its phosphorylation state, the tail domain of Hec1 has been implicated in recruiting the Ska complex to the NDC80 complex-microtubule interface and to kinetochores in human cells (Janczyk et al., 2017) . To further investigate this, we first asked if the tail domain is required in vitro for Ska complexes to enhance NDC80 complex-microtubule affinity. Previous studies have shown that purified, recombinant Ska complexes increase the affinity of NDC80 complexes for microtubules in vitro (Schmidt et al., 2012; Helgeson et al., 2018) . We therefore measured the microtubule binding affinity of GFP-tagged, recombinantly-expressed, purified NDC80 complexes containing WT-Hec1 and Hec1 deleted of its N-terminal 80 amino acid tail domain (Δ80-Hec1) using a TIRF-based fluorescence assay. For these experiments, we generated NDC80 complexes in which Nuf2 is fused to Spc24 and Hec1 is fused to Spc25-GFP ( Fig. 3 A) , termed NDC80 Bronsai . These complexes are missing the tetramerization domains from all four subunits, but contain the majority of the central coiled-coil region of the complex (Ciferri et al., 2005; Ciferri et al., 2008) , as well as the "loop" domain of Hec1, which is a 40 amino acid region that briefly disrupts the coiled-coil region (Maiolica et al., 2007) . The name represents a hybrid between "NDC80 Bonsai ," which is an engineered, truncated version of the NDC80 complex comprised of a Nuf2-Spc24 fusion and an Ndc80/Hec1-Spc25-GFP fusion missing the central coiled-coil and tetramerization domains (Ciferri et al., 2008) and "NDC80 Broccoli ," which is a dimer of nearly full-length Nuf2 and Ndc80/Hec1 containing the coiled-coil and loop domains (Schmidt et al., 2012) . For the binding assays, we incubated increasing concentrations of GFP-labeled NDC80 Bronsai complexes with Alexa647-labeled microtubules in the presence or absence of 10 nM recombinantly expressed human Ska complex, and measured the average fluorescence intensity along microtubules. WT-NDC80 Bronsai complexes robustly bound microtubules and binding was increased upon the addition of Ska complexes ( Fig. 3 A and B ). For WT-NDC80 Bronsai , we measured approximately a 2-fold increase in binding affinity after Ska complex addition ( Fig. 3 B) . The Δ80-NDC80 Bronsai complexes bound to microtubules with significantly lower affinity than the WT complexes ( Fig. 3 C and D) , which is consistent with previously published studies (Miller et al., 2008; Umbreit et al., 2012; Zaytsev et al., 2015) . However, addition of purified Ska complex significantly increased the affinity of the poorly-binding Δ80-NDC80 Bronsai complexes for microtubules ( Fig. 3 D) . These results demonstrate that the Hec1 tail domain is not required for Ska complex-mediated enhancement of microtubule binding by NDC80 complexes in vitro, and that Ska complexes are able to compensate for the weak microtubule binding observed with NDC80 complexes lacking the N-terminal tail domain. These results also demonstrate that the tetramerization domain of the NDC80 complex is not required for Ska complex binding.
We note that one difference between the TIRF-based microtubule binding assays described here and those described in our previous study (Zaytsev et al., 2015) , is the choice of assay buffer. When we used standard microtubule binding assay buffers BRB80 (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8) or BRB20 (20 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8), purified Ska complexes aggregated in the presence of microtubules ( Fig. S3 A) . In addition, Ska complexes induced aggregation of NDC80 complexes on microtubules in the presence of BRB80 ( Fig. S3 B) , which precluded quantitative analysis of fluorescence intensities along microtubules. We therefore developed "SN" buffer (for "Ska-NDC80") for our assays (20 mM TRIS, 50 mM NaCl, 6 mg/ml BSA, 4 mM DTT, pH 7.0), which did not induce aggregation of either Ska or NDC80 complexes ( Fig. S3 A) .
The Hec1 tail domain is not required for Ska complex recruitment to kinetochores or for kinetochore-
MT attachment in human cells
In light of our in vitro results, we next wanted to ask if the Hec1 tail domain is required for Ska complex recruitment to kinetochores in human cells. For these experiments, we expressed exogenous Δ80-Hec1-GFP in HeLa cells and analyzed only cells with undetectable levels of endogenous Hec1 at kinetochores. Previous studies in mammalian cells demonstrated that Hec1 tail deletion impacts kinetochore-microtubule attachment stability as evidenced by reduction in interkinetochore distances, decreased cold-resistant microtubule attachments, failure to align chromosomes, and significant mitotic delays (Guimaraes et al., 2008; Miller et al., 2008; Etemad et al., 2015; Janczyk et al., 2017) . In line with this, we found that cells expressing Δ80-Hec1-GFP exhibited significant chromosome alignment defects and decreased inter-kinetochore distances ( Fig.   4 A and B, Fig S4 A and B ). However, contrary to previous studies, we found that cells expressing Δ80-Hec1-GFP were competent to form cold-resistant kinetochore-microtubule attachments (Figure 4 C). This is in contrast to cells expressing 9D-Hec1, which are neither able to properly align chromosomes or form stable, cold-resistant kinetochore-microtubule attachments ( Fig. 4 A-C; DeLuca et al., 2011) . Analysis of spindle morphology in Δ80-Hec1-expressing cells revealed that the majority of cells with unaligned chromosomes contained multi-polar spindles (Figure 4 D) . To further investigate this phenotype, we carried out time-lapse imaging of mCherry-tubulin and Hec1-GFP expressing cells. In the case of WT-Hec1-GFP expressing cells, we found that almost all cells formed bi-polar spindles and entered anaphase without errors, with only ~10% of cells undergoing spindle fragmentation prior to anaphase. Strikingly, while the majority of Δ80-Hec1-GFP expressing cells initially formed bi-polar spindles, ~50% of cells eventually exhibited spindle pole fragmentation and loss of chromosome alignment (Figure 4 E and F) . This phenotype was similar to cells expressing 9A-Hec1-GFP, which also exhibited spindle pole fragmentation during mitotic progression. We hypothesized that cells expressing Δ80-Hec1-GFP may have lost their ability to regulate kinetochore-microtubule attachment formation through Aurora kinase phosphorylation, which might contribute to the observed phenotypes. To test this hypothesis, we analyzed cold-resistant end-on attachments in early prometaphase cells shortly after nuclear envelope breakdown. Similar to 9A-Hec1-GFP expressing cells, and in contrast to WT-Hec1-GFP expressing cells, early prometaphase cells expressing Δ80-Hec1-GFP formed robust end-on kinetochore-microtubule attachments that resisted cold depolymerization ( Figure 4 G and H), suggesting that attachments were formed prematurely in these cells, likely due to loss of negative regulation by Aurora kinases. However, in contrast to cells expressing 9A-Hec1-GFP, cells expressing Δ80-Hec1-GFP were unable to generate wild-type levels of tension across bi-oriented sister kinetochore pairs in later mitosis, as evidenced by lower interkinetochore distances ( Figure S4 A and B ). This result suggests that while the Hec1 tail is not explicitly required for kinetochore-microtubule attachment formation, it may be an important factor for generating force at the attachment interface.
We were somewhat surprised at the ability of cells expressing Δ80-Hec1-GFP to retain end-on attachments after cold-treatment, since it has been previously observed that the tail domain contributes to the formation and/or maintenance of kinetochore-microtubule attachments in both human and marsupial cells (Miller et al., 2008; Guimaraes et al., 2008; Etemad et al., 2015; Janczyk et al., 2017) . To confirm that this was not a cell-type specific phenomenon, we expressed WT-and Δ80-Hec1-GFP constructs in human RPE1 cells and found that, similar to what was observed in HeLa cells, RPE1 cells expressing Δ80-Hec1-GFP were competent to form cold-resistant end-on kinetochore-microtubule attachments ( Fig. S5 D) . Interestingly, we found that location of the GFP had a major impact on the ability of Δ80-Hec1-expressing cells to form kinetochore-microtubule attachments. HeLa cells expressing either C-or N-terminally GFP-tagged WT-Hec1 constructs formed stable, end-on attachments, as previously reported (Miller et al., 2008; Guimaraes et al., 2008; DeLuca et al., 2011; Etemad et al., 2015; Janczyk et al., 2017) . In contrast, HeLa cells expressing C-terminally GFP-tagged Δ80-Hec1 formed end-on kinetochore-microtubule attachments, while those expressing the N-terminally GFP-tagged Δ80-Hec1 did not ( Fig. S5 A) . Similar results were found in RPE1 cells ( Fig. S5 D) . We quantified attachment stability in HeLa cells expressing either C-or N-terminally GFP-tagged Δ80-Hec1 using a cold-induced microtubule depolymerization assay, and confirmed that while cells expressing C-terminally tagged Δ80-Hec1 were able to form cold-stable, end-on attachments, cells expressing N-terminally tagged Δ80-Hec1 were not ( Figure S5 B and C).
After characterizing the phenotype of cells expressing Δ80-Hec1-GFP, we returned to our original question and measured Ska3 levels at kinetochores in cells expressing tail-less Hec1. These experiments revealed no significant difference in Ska3 levels at kinetochores in cells expressing WTvs. Δ80-Hec1-GFP ( Fig. 5 A and B ). Microtubule-independent Ska3 recruitment to kinetochores also remained high in cells expressing Δ80-Hec1-GFP (Fig. 2 C and D) , suggesting that the tail domain is dispensable for both microtubule-dependent and -independent Ska complex recruitment. Given that purified Ska complexes compensated for the weak binding affinity of Δ80-NDC80 complexes in vitro ( Fig. 3) , we asked if formation of kinetochore-microtubule attachments in cells expressing Δ80-Hec1-GFP required the presence of an in-tact Ska complex. We depleted Ska complex components Ska1 and Ska3 from HeLa cells, expressed either WT-or Δ80-Hec1-GFP, incubated cells in cold media, and measured the abundance of end-on kinetochore-microtubule attachments. Kinetochoremicrotubule attachments failed to form in Ska1/3-depleted cells expressing either WT-or Δ80-Hec1-GFP (Fig. 5 C and D) , which is in contrast to cells expressing 9A-Hec1-GFP ( Fig. 2 E and F) . Thus, tail-less NDC80 complexes, similar to WT complexes, require the Ska complex to form attachments to microtubules. Collectively, our results suggest that the tail domain of Hec1 is not explicitly required for either Ska complex recruitment to kinetochores or for formation of stable kinetochore-microtubule attachments, but it likely plays a role in force generation at the attachment interface in human cells.
The Ska complex is recruited to the internal coiled-coil domain region of the NDC80 complex to enhance NDC80-MT binding
To identify the Ska complex recruitment domain within the NDC80 complex, we carried out two color fluorescence localization mapping of Ska complex components at metaphase kinetochores (Wan et al., 2009) . Since the C-terminal half of Ska3 contains the putative NDC80 binding site, we first mapped the distance between a Ska3 antibody that recognizes amino acids 226-253 ( Fig. 6 A; "Ska3-M," for "middle") and both CENP-C (inner kinetochore), and the N-terminus of Hec1 (outer kinetochore). These measurements revealed that amino acids 226-253 of Ska3 reside ~47 nm outside of CENP-C and ~ 29 nm inside of the N-terminus of Hec1 (Fig 6 A-D ), suggesting that a region encompassed by the NDC80 complex-binding domain is localized near the internal, coiled-coil region of the NDC80 complex. Reconstituted, purified Ska complexes have been shown to exist as either monomers or dimers of the Ska1, Ska2, and Ska3 trimer, which are formed through oligomerization of the N-termini of each protein to form a three-helix bundle (Jeyaprakash et al., 2012; Helgeson et al., 2018) . Ska1's C-terminus contains a winged-helix domain that has microtubule binding activity, and Ska3 contains a predominantly unstructured C-terminal region that is responsible for interaction with the NDC80 complex (Jeyaprakash et al., 2012; Abad et al., 2014; Abad et al., 2016) . To better understand how the Ska complex components are organized at the kinetochore-microtubule interface, we carried out further paired fluorescence localization mapping using N-and C-terminal GFP tags on the Ska complex components. The N-terminal GFP tags on Ska1, Ska2, and Ska3 all mapped to a similar domain within the kinetochore which was between 52 and 65 nm outside of CENP-C and between 12 and 24 nm inside the CH domain of Hec1 (Fig. 6 C and D) . This is not surprising, since the N-termini of Ska1, 2, and 3 form a well-folded, relatively compact oligomerization domain (Jeyaprakash et al., 2012) . Furthermore, we found that all Cterminal domains of Ska1, Ska2, and Ska3 also mapped to a region inside of the Hec1 CH domain.
However, we note the C-terminal GFP tag on Ska3 was localized very close to this region, with a mapped distance of ~73 nm outside of CENP-C and ~6 nm inside of the Hec1 CH domain ( Fig. 6 B -D) . This suggests that the unstructured domain of Ska3 may extend substantially along the length of the coiled-coil domain of the NDC80 complex. These experiments were carried out using a 2D analysis of kinetochore domain localization (Suzuki et al., 2018) , and we note our reported average distance between CENP-C and the CH domain of Hec1 is consistent with previously reported 2D and 3D measurements (Fig. 6 C and D; Wan et al., 2009; Suzuki et al., 2018) .
The mapping experiments suggested that the Ska complex is recruited to the central coiled-coil region of the NDC80 complex. To further investigate a role for this region for Ska complex binding, we carried out microtubule binding experiments in the presence and absence of purified Ska complexes using NDC80 Bonsai constructs, which encode for truncated NDC80 complexes missing most of the central coiled-coil region and the loop domain (Ciferri et al., 2008) . Indeed, we found that while the NDC80 Bonsai complexes bound robustly to microtubules, the affinity of NDC80 Bonsai complexes for microtubules was not increased with the addition of Ska complexes (Fig. 6 E and F) .
These findings are consistent with recent results from the Liu and Musacchio labs, which demonstrate that NDC80 Bonsai complexes are unable to bind to purified Ska complexes (Zhang et al., 2017; Huis in't Veld et al., 2019) . Additionally, we found that in BRB80 buffer, addition of the Ska complex did not induce clustering of NDC80 Bonsai complexes on microtubules, in contrast to NDC80 Bronsai complexes (Fig S3 B) , further supporting the idea that the central coiled-coil region of the NDC80 complex is required for Ska complex association.
We next generated a version of NDC80 Bronsai in which the amino acids that make up the "loop" region of Hec1 (amino acids 420-460; Maiolica et al., 2007) were substituted with alternative amino acids predicted to form a flexible motif (Varma et al., 2012) (ML-NDC80 Bronsai ; Fig. 7 A). We then tested if the microtubule binding affinity of this mutant version of the complex was increased by addition of purified Ska complexes. We found that ML-NDC80 Bronsai bound to microtubules with similar affinity to WT-NDC80 Bronsai , but the addition of purified Ska complex had no significant effect on its microtubule binding affinity ( Fig. 7 B and C) . These results suggest that mutation of the loop domain either prevents the Ska complex from directly interacting with the NDC80 complex or precludes a conformation that promotes formation of a NDC80/Ska/microtubule complex.
We then asked if the loop domain was required for Ska complex recruitment to kinetochores in cells.
For this purpose, we expressed a version of the ML-Hec1-GFP mutant in HeLa cells, and found that Ska3 levels were significantly reduced at kinetochores compared to kinetochores from cells expressing WT-Hec1-GFP ( Fig. 7 D and E) . We also found, consistent with previously published results, that end-on kinetochore-microtubule attachments failed to form and chromosome alignment was abolished in cells expressing ML-Hec1-GFP ( Fig. 7 F-H) (Varma et al., 2012; Zhang et al., 2012) . Given that Ska complexes preferentially load to kinetochores with end-on attachments, again we could not distinguish between two possibilities: (1) the Hec1 loop domain promotes Ska complex recruitment, and in turn, the Ska complex is required for end-on attachment formation; or (2) the Hec1 loop domain is required for generation of stable kinetochore-microtubule attachments, and in turn, stable attachments promote Ska complex loading. We therefore measured Ska complex loading to kinetochores in the absence of microtubules, and found that cells expressing ML-Hec1-GFP exhibited reduced levels of Ska3 at kinetochores ( Fig. 2 C and D) , suggesting that an in-tact loop domain is required for efficient Ska complex recruitment to kinetochores.
Both chromosome alignment and kinetochore-microtubule attachment formation were severely impaired in cells expressing ML-Hec1-GFP. We therefore tested if these defects were exclusively due to loss of Ska complex recruitment to kinetochores. Experiments in Figure 2 demonstrated that cells expressing 9A-Hec1-GFP formed hyper-stable kinetochore-microtubule attachments, and this phenotype was independent of the Ska complex ( Fig. 2 E and F) . These results indicate that attachment defects arising from Ska1/Ska3 depletion can be compensated for by the strong attachments generated in cells expressing 9A-Hec1-GFP. We therefore reasoned that if a mutated loop domain results in attachment defects solely due to loss of Ska complex recruitment, then preventing phosphorylation of the tail domain should rescue this defect. Thus, we generated a hybrid mutant containing a 9A tail domain and the mutant loop sequence (9A/ML-Hec1-GFP). We found that in cells expressing 9A/ML-Hec1-GFP, stable kinetochore-microtubule attachments failed to form and chromosome alignment was severely defective, similar to what we observed in cells expressing ML-Hec1-GFP ( Fig. 7 F-H) . These results suggest that although the loop domain may participate in recruiting the Ska complex to kinetochores, it likely plays an additional, non-Ska complex-dependent role in generating kinetochore-microtubule attachments, perhaps through recruitment of other kinetochore proteins. It is also possible that mutation of the loop domain results in changes in NDC80 complex architecture at kinetochores that preclude formation of end-on, stable kinetochoremicrotubule attachments.
To further investigate loop domain function, we generated systematic alanine substitutions of short stretches of 5-6 amino acids within the Hec1 loop ( Fig. S6 A) and expressed these mutants in cells.
Several, but not all, of these mutants mimicked the ML-Hec1-GFP mutant and led to severe chromosome misalignment ( Fig. S6 A and B ). We noted that mutating regions within the loop that resulted in substantial changes in local net charge produced the strongest chromosome misalignment phenotypes, while mutating regions with low net charge density resulted in no observable defects ( Fig. S6 A-D) . This suggests that the distributed charge of the loop region is likely critical for formation of kinetochore-microtubule attachments, potentially through forming interactions with the Ska complex and/or other kinetochore associated proteins such as Cdt1 (Varma et al., 2012) .
Discussion
Hec1 tail phosphorylation affects kinetochore-microtubule attachments independently of the Ska complex
The positively-charged, N-terminal tail domain of Ndc80/Hec1 is a target of Aurora kinases, and it has been suggested that phosphorylation of the tail directly reduces affinity of NDC80 complexes for the negatively-charged microtubule lattice, which in turn reduces kinetochore-microtubule attachment strength. It is also possible that phosphorylation of the Hec1 tail domain indirectly affects kinetochore-microtubule attachment strength by regulating the recruitment of additional kinetochoreassociated microtubule-binding proteins. One possible candidate for imparting this regulation is the Ska complex, which loads to kinetochores progressively during mitosis and contributes to the stabilization of kinetochore-microtubule attachments. We found here that cells expressing a nonphosphorylatable Hec1 mutant (9A-Hec1) recruit increased levels of Ska complex components to kinetochores in human cells, similar to what has been reported in C. elegans (Cheerambathur et al., 2017) . However, we found that stable kinetochore-microtubule attachments formed in cells expressing 9A-Hec1 constructs were not dependent on the presence of a functional Ska complex.
Furthermore, we demonstrated that the phosphorylation state of the tail domain did not affect the levels of Ska complexes recruited to kinetochores in the absence of microtubules. Collectively, these results suggest that while Ska complex enrichment at kinetochores coincides with Hec1 tail domain dephosphorylation, they each likely contribute to kinetochore-microtubule attachment stabilization independently.
The Hec1 tail is dispensable for kinetochore-microtubule attachments in cells A surprising finding from our study is that the N-terminal tail domain of Hec1 is not explicitly required for the formation of kinetochore-microtubule attachments in human cells. Consistent with our findings here, chromosome alignment errors and decreased inter-kinetochore distances have been previously observed in mammalian cells expressing tail-less Hec1 (Guimaraes et al., 2008; Miller et al., 2008; Etemad et al., 2015; Janczyk et al., 2017) . These phenotypes have been widely attributed to lack of stable kinetochore-microtubule attachments in Δ80-Hec1 expressing cells, a result which has also been previously observed (Miller et al., 2008; Guimaraes et al., 2008) . Contrary to this, we find that Δ80-Hec1 expression does not prevent formation of cold-resistant, stable kinetochore-microtubule attachments. Instead, we report that cells lacking the tail domain form kinetochore-microtubule attachments prematurely, which is presumably due to a lack of Aurora kinase-mediated regulation. In such a scenario, cells expressing tail-less Hec1 are unable to negatively regulate the initial formation of end-on kinetochore-microtubule attachments, and the NDC80 complex is able to bind spindle microtubule plus-ends through strong Hec1 CH domain-mediated interactions, which would otherwise be kept labile by a highly phosphorylated Hec1 tail domain.
Despite this early accumulation of attachments, however, we found that cells expressing Δ80-Hec1-GFP exhibited low inter-kinetochore distances, suggesting attachments are unable to produce sufficient forces to generate wild-type tension across sister kinetochore pairs. Alterations in force generation at the kinetochore-microtubule interface have been reported to change the balance of spindle forces in a manner that disrupts motor-mediated spindle pole focusing, which can lead to multipolarity (Manning and Compton, 2007; Maiato and Logarinho, 2014) . Consistent with this idea, we found that cells expressing Δ80-Hec1-GFP undergo spindle pole fragmentation during mitotic progression, whereby the mitotic spindle becomes multi-polar and chromosomes lose alignment from the metaphase plate. Given the decreased inter-kinetochore distances observed in cells expressing Δ80-Hec1-GFP, we speculate that the tail is dispensable for forming attachments, but is required for sustained force generation during mitotic progression. Such a scenario would result in kinetochores that accumulate end-on microtubule attachments early in mitosis due to the absence of Aurora kinase-mediated regulation, but exhibit defects in transducing forces from the dynamics of attached microtubules in late mitosis, leading to loss of spindle bipolarity and chromosome alignment. It is noteworthy to mention that this hypothesis is supported by recent biochemical experiments reported in Huis in 't Veld et al. (2019) , where the authors artificially trimerized NDC80 complexes on the surface of beads and measured the ability of NDC80 complex trimers to resist force from an optical trap. Complexes lacking the Hec1 tail -despite binding to microtubules with high affinity -detached from depolymerizing microtubules in both the presence and absence of applied force, whereas wild-type NDC80 trimers remained bound under these conditions (Huis in't Veld et al., 2019) . These results led the authors to conclude that the Hec1 tail is critical for force-coupling at the kinetochoremicrotubule interface.
Our results describing the formation of end-on attachments in human cells expressing tail-less Hec1 are consistent with results from both budding yeast and C. elegans, where the Ndc80 tail domain is not strictly required for kinetochore-microtubule attachment (Kemmler et al., 2009; Demirel et al., 2012; Lampert et al., 2013; Cheerambathur et al., 2013) . However, similar to the scenario in human cells, the tail domain does play some role at the kinetochore-microtubule interface in these organisms. For example, in budding yeast the tail domain becomes required for cell survival upon perturbation of the Dam1 complex, a kinetochore-associated complex found in yeasts but not higher eukaryotes, which contributes to generating stable kinetochore-microtubule attachments (Demirel et al., 2012; Lampert et al., 2013) . In addition, a study using a tension sensor near the N-terminus of budding yeast Hec1/Ndc80 demonstrated that while the tail domain is not required for kinetochoremicrotubule attachments per se in cells, its deletion results in loss of tension at the NDC80 complexmicrotubule interface, which can be compensated for with an in-tact Dam1 complex (Suzuki et al., 2016) . Taken with the result that the Hec1 tail is required for load-bearing attachments of NDC80 complexes to microtubules (Huis in 't Veld et al., 2019) , the available data suggest that this function of the Hec1/Ndc80 tail domain is generally conserved from yeast to humans.
The Ska complex compensates for Hec1 tail domain function
Studies using NDC80 complexes purified from various organisms have demonstrated that the Hec1 tail domain is required for high affinity NDC80 complex-microtubule binding in vitro (Cheeseman et al., 2006; Wei et al., 2007; Lampert et al., 2013; Alushin et al., 2012; Umbreit et al., 2012; Cheerambathur et al., 2013; Zaytsev et al., 2015) . In the case of human NDC80 complexes, addition of the Ska complex compensates for deletion of the Hec1 tail in a number of in vitro NDC80 complexmicrotubule interaction assays. The Davis lab carried out optical trapping experiments using NDC80 complex-coated beads to demonstrate that while NDC80 complexes lacking the Hec1 tail generated weak attachments to microtubules that could be disrupted under low rupture forces, addition of soluble Ska complexes significantly strengthened these attachments (Helgeson et al., 2018) . The notion that the Ska complex can functionally compensate for Hec1 tail deletion is reminiscent of studies carried out in budding yeast with the Dam1 complex, which has been suggested to be a functional ortholog of the Ska complex (Welburn et al., 2009 ). Analogous to the experiments described above for human Ska and NDC80 complexes, Dam1 is able to enhance the affinity of budding yeast NDC80 complexes for microtubules in vitro (Tien et al., 2010; Lampert et al., 2010; Lampert et al., 2013) . Consistently, as mentioned above, deletion of the Ndc80/Hec1 tail is not lethal in budding yeast (Kemmler et al., 2009; Demirel et al., 2012; Lampert et al., 2013) , but deletion or mutation of Dam1 sensitizes cells to Ndc80/Hec1 tail deletion, resulting in cell death due to cell division defects (Demirel et al., 2012; Lampert et al., 2013; Suzuki et al., 2016) . In line with these results we found that cells expressing Δ80-Hec1-GFP were able to form cold-stable kinetochoremicrotubule attachments, but this required the presence of the Ska complex. Collectively, our in vitro and cell-based results suggest that the Ska complex can compensate for the Hec1 tail's role in forming stable kinetochore-microtubule attachments in human cells.
The Ska complex is recruited to the internal coiled-coil domain of the NDC80 complex rather than the
Hec1 tail domain
Ska complex loading to kinetochores requires the NDC80 complex (Gaitanos et al., 2009; Welburn et al., 2009; Chan et al., 2012; Zhang et al., 2012) , and the two complexes directly interact (Zhang et al., 2017; Helgeson et al., 2018; Huis in't Veld et al., 2019) . Although Ska3 is known to mediate the interaction, its binding site on the NDC80 complex remains unresolved (Zhang et al., 2018) . Our results demonstrate that the Hec1 tail is not required for Ska complex-mediated enhancement of NDC80-microtubule interactions or for Ska complex localization to kinetochores in cells. We note that these results are inconsistent with a previous report from the Stukenberg lab, where it was shown that mutations in the Hec1 tail abolish Ska recruitment to the NDC80 complex-microtubule interface in vitro and to kinetochores in cells (Janczyk et al., 2017) . It is unclear why our results differ from theirs, although a potential explanation is that the tail mutations made in the Janczyk et al. study impacted overall kinetochore architecture in a manner that precluded Ska recruitment independently of the Hec1 tail. To map the Ska complex kinetochore recruitment domain, we used two-color colocalization imaging and found that the Ska complex co-localizes with the coiled-coil region of the NDC80 complex, inside of the Hec1 CH domain. Interestingly, most of the N-and C-termini of all Ska complex components also map near this region, suggesting that the bulk of the complex is not significantly extended along the NDC80 complex axis. The one exception is the C-terminus of Ska3, which maps closely to, but still inside of, the CH domain of Hec1, suggesting that the unstructured region of Ska3 may be somewhat elongated along the length of the NDC80 complex. These results are consistent with results from the Davis lab, which found a large number of contact points between Ska3 and the coiled-coil region of the NDC80 complex using a cross-linking mass spectrometry technique (Helgeson et al., 2018) .
The Hec1 loop domain has Ska complex-dependent and -independent functions in chromosome alignment.
We report that mutation of the Hec1 loop domain prevents enhancement of NDC80 complexmicrotubule binding by the Ska complex. This is possibly at odds with a recent study from the Musacchio lab, which reports that removal of the loop domain from Hec1 does not affect the interaction between soluble NDC80 and Ska complexes (Huis in 't Veld et al., 2019) . This difference could possibly reflect a requirement for the loop domain in the interaction of NDC80 and Ska complexes specifically on microtubules. Alternatively, since Ska3 phosphorylation by CDK1 increases the affinity of soluble Ska and NDC80 complexes for each other (Zhang et al., 2017; Huis in't Veld et al., 2019) , the phosphorylation state of Ska3 might impact the requirement of the Hec1 loop domain for the two complexes to associate. In such a scenario, dephosphorylated Ska complexes would also bind more weakly to NDC80 complexes in the presence of microtubules, and the loop domain would be required for high affinity interactions specifically under these sub-optimal binding conditions. Given our result that the loop domain is required in cells for microtubuleindependent Ska complex loading to kinetochores, we do not favor the latter hypothesis.
Both chromosome alignment and kinetochore-microtubule attachments were severely perturbed in cells expressing Hec1 constructs containing a mutated loop domain --more so than in cells expressing 9D-Hec1 mutants or in cells depleted of Ska1 and Ska3. This was observed in previous studies (Zhang et al., 2012; Varma et al., 2012) , and led us to ask if the defects observed were entirely due to loss of Ska complex recruitment. To test this, we modified the loop mutant to include a non-phosphorylatable N-terminal tail domain, since we demonstrated that expression of the 9A-Hec1 mutant abrogated the need for Ska1 and Ska3 to form stable kinetochore-microtubule attachments.
Cells expressing the 9A/ML-Hec1 mutant showed no improvement in either chromosome alignment or formation of stable kinetochore-microtubule attachments compared to those expressing ML-Hec1.
Thus, we conclude that in addition to contributing to efficient Ska complex recruitment to kinetochores, the Hec1 loop has an additional, non-Ska complex-dependent role in forming stable attachments. We found that mutating short stretches of the loop sequence that contain at least two charged residues phenocopied expression of the full ML-Hec1 construct. Thus it is possible that the loop domain recruits additional factors, such as Cdt1, that are required for generation of stable, endon kinetochore-microtubule attachments (Varma et al., 2012) . Alternatively, the loop region could be critical for adoption of a conformation of NDC80 that is required for maintaining proper, end-on attachments to microtubules.
Overall, our results support a model in which the Hec1 tail domain, while not explicitly required for forming end-on kinetochore-microtubule attachments, is important in regulating the force-generating attachments between kinetochores and microtubule plus ends. They also suggest that the Ska complex is loaded to the central coiled-coil region of the NDC80 complex during mitosis to ensure proper force-coupling at the kinetochore-microtubule interface, which may be particularly important at kinetochores containing NDC80 complexes with lower microtubule binding capacity (e.g. with highly phosphorylated tail domains). How tail domain phosphorylation and dephosphorylation are coordinated with Ska complex loading to kinetochores to ensure proper regulation of kinetochoremicrotubule attachments is an important issue that begs future investigation.
Materials and Methods
Cell culture
HeLa Kyoto cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% antibiotic/antimycotic solution. RPE-1 (ATCC) cells were cultured in 1:1 Ham's F12:DMEM supplemented with 10% FBS and 1% antibiotic/antimycotic solution. All cell lines were maintained at 37°C in 5% CO2.
Cell treatments and transfections
For all fixed-cell experiments, cells were grown on sterile, acid-washed coverslips in six well plates. For end-on attachment experiments, transfection media was replaced with ice cold DMEM 24 hours post-DNA transfection and cells were incubated on ice for 12 minutes prior to fixation. For attachment-independent analysis of Ska3 localization, Hec1-GFP-transfected cells were arrested at the G2/M transition with 9 µM RO3306 (Sigma-Aldrich) for 16 hours, then extensively washed out into 10 µM nocodazole (Tocris Bioscience) for one hour before fixation and subsequent processing for immunofluorescence. For analysis of asynchronous attachment-independent Ska3 levels ( Figure   S2 ), cycling HeLa cell populations were treated with 10 µM nocodazole for one hour, then fixed.
Immunofluorescence Microscopy
Cells were rinsed in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgCl2, pH 7.0) and permeabilized in lysis buffer (PHEM + 1.0% Triton-X 100) for 5 minutes at 37°C. Post-lysis, cells were quickly washed in PHEM and subsequently fixed in freshly made fixative solution (4% paraformaldehyde in PHEM) for 20 minutes at 37°C. After fixation, cells were subjected to three fiveminute washes in PHEM-T (PHEM + 0.1% Triton-X 100), quickly rinsed in PHEM, and blocked in 10% boiled donkey serum (BDS) in PHEM for 1 hour at room temperature. Following blocking, primary antibodies diluted in 5% BDS in PHEM were added to cells and incubated for 1 hour at room temperature followed by 16 hours at 4°C. Primary antibodies were used as follows: human anticentromere antibody (ACA) at 1:300 (Antibodies, Inc.), mouse anti-tubulin (DM1ɑ) at 1:600 (Sigma-Aldrich), mouse anti-Hec1 (9G3) at 1:3000 (Novus Biologicals), rabbit anti-phosphorylated Hec1-pSer69 (pS69) at 1:3000 (DeLuca et al., 2018) , mouse anti-Ska3 at 1:500 (Santa-Cruz Biotechnology), rabbit anti-Ska3 at 1:300 (GeneTex), and rabbit anti-Astrin at 1:1000 (Sigma-Aldrich). After primary antibody incubation, unbound antibody was washed off using three five-minute PHEM-T rinses, followed by a quick wash in PHEM. Secondary antibodies (conjugated to Alexa 488, Cy3 dye, or Alexa 647, Jackson ImmunoResearch) were diluted 1:1000 in 5% BDS except mouse Ska3 and rabbit Ska3, for which secondary antibodies were diluted 1:500 and 1:300, respectively. Cells were incubated in secondary antibody for 45 minutes at room temperature, and unbound antibody was washed off with 3 x 5 min PHEM-T washes followed by a quick rinse in PHEM. Cells were then incubated in a 2 ng/ml DAPI solution (diluted in PHEM) for 30 seconds, subjected to two five-minute PHEM-T washes, quickly rinsed in PHEM, and mounted onto glass slides using an antifade solution (90% glycerol + 0.5% N-propyl gallate). Following mounting, coverslip edges were sealed with nail polish and slides were stored at 4°C.
Fixed cell imaging
All fixed cell images were acquired using a DeltaVision Personal DV Imaging system (GE Healthcare) on an IX71 inverted microscope (Olympus) using SoftWoRx software (GE Healthcare). lysed using a microfluidic chamber at 80 psi. The resulting lysed mixture was cleared of cell debris by centrifugation at 40,000 rpm for 45 minutes in a Beckman L8-70M ultracentrifuge using a TY70-TI rotor. Supernatant was applied to glutathione-agarose resin (Pierce resin, Thermo Scientific) (preequilibrated in lysis buffer), and the mixture was rocked gently for one hour. Following binding, unbound protein was washed from the resin with lysis buffer, and resin-bound protein was eluted by GST-tag cleavage overnight with Human Rhinovirus 3C Protease (HRV3C Protease, expressed and purified in-house). Elutions were pooled, concentrated, and run on a GE Superdex 200 HiLoad 16/60 sizing column in lysis buffer supplemented with 5% glycerol and 1 mM DTT. Protein fractions were pooled and concentrated, and glycerol was added to 20% final volume before small aliquots were snap-frozen in liquid nitrogen and stored at -80°C.
Purification of recombinant human Ska complex (SkaC) was carried out as described previously (Abad et al., 2016) . Briefly, BL21-Gold E. coli cells were co-transformed with equal amounts of the individual Ska1, GST-Ska2, and Ska3 plasmids. Cells were grown to the appropriate OD600 before induction overnight (16 hours) at 18°C with 400 µM isopropyl β-D-1-thiogalactopyranoside. . All steps after induction were carried out at 4°C. The next morning, cells were pelleted by centrifugation and resuspended in SkaC lysis buffer (20 mM Tris pH 8.0, 500 mM NaCl) supplemented with protease inhibitors and 5 mM DTT. Resuspended cells were lysed by microfluidics as specified in NDC80 complex purifications. The resulting lysed mixture was cleared of cell debris by centrifugation at 40,000 rpm for 45 minutes as noted for NDC80 complex purifications. The supernatant from lysed cells was applied to glutathione-agarose resin (pre-equilibrated in SkaC lysis buffer) and rocked gently for 3 hours. Following binding, unbound protein was washed away with lysis buffer, and resin was further washed with chaperone buffer (20 mM Tris pH 8.0, 1M NaCl, 50 mM KCl, 10 mM MgCl2, 2 mM ATP, 5 mM DTT) to remove associated protein chaperones. Resin-bound protein was then eluted using 3 sequential elutions for one hour each in elution buffer (20 mM Tris pH 8.0, 100 mM NaCl, 50 mM Glutathione, 5 mM DTT). Elutions were pooled and dialyzed overnight into column buffer (20 mM Tris pH 8.0, 100 mM NaCl, 5 mM DTT) and tags were simultaneously cleaved with tobacco etch virus (TEV) protease overnight while rocking. Cleaved SkaC was further purified by gel filtration on a Superose 6 Increase 10/300 in column buffer. Protein-containing fractions were collected and concentrated, and protein was snap-frozen in liquid nitrogen and stored at -80°C.
TIRF Microscopy
Immediately prior to microtubule binding assays, protein was flash-thawed and centrifuged at 90,000 × g to remove large aggregates. Supernatant was collected and concentration measured by Bradford assay. TIRF microscopy (TIRFM) binding assays were performed as described previously (Ecklund et al., 2017) . Briefly, flow-chambers were constructed by adhering plasma cleaned, silanized coverslips (22x30mm) to glass slides with double-sided tape. Silanized coverslips were incubated with a rat anti-tubulin antibody (8 μg/ml, YL1/2; Accurate Chemical & Scientific Corporation) for 5 minutes, then blocked with 1% Pluronic F-127 solution (Fisher Scientific) for 5 minutes. Taxolstabilized, Alexa647-labeled microtubules (made by mixing fluorescently labeled and unlabeled porcine tubulin at a 1:12.5 ratio) diluted in BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2) supplemented with 20 µM taxol were flowed into the chamber and incubated for 5-10 minutes, then unbound microtubules were washed out with one chamber volume of SN ("Ska-NDC80") buffer (20 mM Tris pH 7.0, 50 mM NaCl, 6 mg/ml bovine serum albumin, 4 mM DTT, 20 µM taxol). GFP-NDC80 complex (either alone or supplemented with 10 nM unlabeled Ska complex) diluted to the appropriate concentration in SN buffer was introduced to the chamber and the binding reaction was incubated for 2 minutes. Two more additions of NDC80 complex (or NDC80 complex + Ska complex) were subsequently perfused into the chamber to allow binding reaction to reach equilibrium, and two minutes after the third addition (after binding reaction had reached equilibrium as determined by time-lapse imaging), and TIRF images were collected of 10 individual fields. For analysis in BRB80 and BRB20 (Supplemental Figure 4) , all steps were performed as above, except protein (either GFP-NDC80 alone or supplemented with SkaC, or SkaC-GFP) was either diluted into BRB80 or BRB20 supplemented with 6mg/ml BSA, 4 mM DTT, and 20 µM taxol. All TIRFM images were collected at room temperature using a 1.49 NA 100 X Plan Apo TIRF oil immersion lens on a Nikon Ti-E inverted microscope equipped with an iXon3 DU897 EM-CCD camera (Andor) for a final pixel size of 160 nm/pixel.
Data analysis
Measurement of kinetochore fluorescence intensity in fixed cells was measured from nondeconvolved, non-compressed images using a custom program in MatLab (Mathworks) courtesy of X. Wan (Wan et al., 2009) . For analysis of Ska3 levels at attached kinetochores ( Figure 1A -C, Figure   4G -H, Supplemental Figure 1) , cells with greater than 25% Hec1-pS69 levels measured in WT-Hec1-GFP cells were discarded from analysis to reduce effects of endogenous, non-mutant kinetochore Hec1. Measurements of end-on attachment and inter-kinetochore distances in cold-treated cells were performed in SoftWoRx Explorer software. End-on attachment was analyzed by selecting random kinetochores in the kinetochore channel, then subsequently overlaying the tubulin channel and scoring whether spindle microtubules terminated at the pre-selected kinetochores (lateral attachments were not quantified). For analysis of end-on attachment in Ska-depleted cells, only kinetochores between the spindle poles were analyzed, as polar chromosomes remained unattached in all conditions (Figure 2E ). Inter-kinetochore distances were analyzed by measuring the distance between Hec1-GFP signals from two kinetochores in a sister pair in the same z-plane. For chromosome alignment analysis, bipolar Hec1-GFP expressing cells post-nuclear envelope breakdown were scored as either aligned (metaphase plate with <5 chromosomes off the plate) or unaligned (no metaphase plate, or metaphase plate with 5 or more chromosomes off the plate). For analysis of multipolarity, Hec1-GFP expressing cells were stained with anti-tubulin antibodies and assessed for number of spindle poles.
Two-color super-resolution distance measurements were carried out on kinetochore pairs that resided in a single focal plane from non-deconvolved images. The centroids of each kinetochore test antibody signal were determined using SpeckleTracker (Wan et al., 2009) . Distances were then calculated using the identified centroids.
For analysis of TIRFM microtubule binding assays, GFP-NDC80 complex-microtubule binding was quantitated using ImageJ software (National Institute of Health). NDC80 fluorescent signal was measured along the microtubule axis (as determined from Alexa647-tubulin signal), and "background" signal was measured using the same mask (created along the microtubule's length) in a region immediately adjacent to the microtubule. Corrected signal intensity was measured by subtracting the background signal from the GFP signal on the microtubule. Raw GFP-NDC80 fluorescence intensity at each concentration (averaged across all 3 replicates) was plotted and curves were fitted using a Specific binding model with a Hill fit in Prism (Graphpad). All statistical analyses were carried out using Prism (Graphpad). Zhang, Q., Sivakumar, S., Chen, Y., Gao, H., Yang, L., Yuan, Z., Yu, H., and Liu, H. 2017 . Ska3 Phosphorylated by Cdk1 Binds Ndc80 and Recruits Ska to Kinetochores to Promote Mitotic Progression. Curr Biol, 27:1477 -1484 . showing the trimerization domains located in the N-termini of Ska1, Ska2, and Ska3, the microtubule binding domain of Ska1 (green), and the proposed NDC80 complex-binding region in Ska3 (blue).
Figure Legends
(B) Immunofluorescence images of metaphase cells expressing N-and C-terminally GFP-tagged Ska3 and stained with antibodies to inner kinetochore protein CENP-C (top two rows) and immunofluorescence images of a metaphase cell stained with antibodies to Ska3-M (rabbit) and CENP-C (bottom row). Arrows point to the kinetochore pairs shown in the insets. (C) Plots of the mean distance between the indicated kinetochore proteins/protein domains. Measurements with "Hec1-N" were carried out with an antibody to the CH domain in the N-terminus of Hec1 (9G3). "N" 
